Abstract-The bevel-tip flexible needle is an improvement of the clinical puncture needle and has the potential to reduce surgery traumas and improve puncture accuracy. Due to the nonholonomic kinematics model, it is difficult to drive flexible needles to a target precisely. In this paper, a driving method is proposed to steer flexible needles to a target in 3-D environment without obstacles. In addition, a real-time closed-loop control system is set up based on the method. The proposed method needs a priori knowledge of model parameter, which is obtained by offline identifying and the needle tip's position and attitude. We obtain the tip's position with an image-guided system and employ UKF (Unscented Kalman Filter) to estimate the needle tip's attitude. Simulations verify that the driving method is precise and robust. The tip error will be confined to 0.5mm when the insertion distance is 120mm.
I. INTRODUCTION
As minimally invasive surgery, needle insertion procedures have advantages of minor trauma, few complications and rapid recovery. The procedure has been widely used in biopsy, injection, radiofrequency ablation and brachytherapy and so on. In clinic practice, it is a hard thing to drive a needle to a target precisely due to the asymmetry force that imposed on the needle tip by the non-uniform tissue. Affected by the asymmetry force, the needle tip will diverge from the target. In order to revise the error, another puncture process should be carried out, and that will increase surgical trauma. In order to improve the controllability of puncture needles, a bevel-tip flexible needle which has a prominent bevel tip and is made up of elastic alloy material has been proposed [1] . The bevel-tip needle is more flexible and controllable. When inserted into tissue, the asymmetry bevel tip will enhance the asymmetry force that imposed by tissue, which is vertical to the tip bevel and will diverge the needle from the insertion direction. Thus, we can control the flexible needle by rotating and inserting. Due to the flexible and controllable, the flexible needle has attracted much attention.
To drive the flexible needle precisely, dynamics models and kinematics models of the flexible needle have been developed. Dynamics models focus on the needle tip cutting force analysis and the tip deflection modeling. The relationship between the cutting force and the deflection are set up. Because the needle tip is too tiny to mount a force sensor, the cutting force has to be obtained indirectly via two methods. One method is modeling the cutting force directly [2, 3] . Another method is minus the needle body friction force which can be modeled from the whole needle suffered force measured by a force sensor mounted on the needle tail [4, 5] . The tip deflection models are mainly based on the cantilever beam model [6, 7] , segmented cantilever beam model [8] and spring-beam-damping model [9] . However, the dynamics models are very complex and remain in theoretical analysis. The kinematics model, bicycle model [1] , is established by analyzing the needle tip motion and the model parameters are recognized via experiment datum. And Wooram et al. [10] went further to simplify the model by decreasing the model parameters to one. Contrasting with the complex dynamics model, kinematics models are widely employed in driving methods.
In order to driving the flexible needle to an expected target, a problem that how to drive needles to a desired plane was researched. A sub-model extracted from the kinematics model was linearized via the back-stepping method, a linear full-state feedback controller [11] and a nonlinear adaptive outputfeedback controller [12] were designed. But the problem that driving needles to a target was not solved completely until that the sliding mode control [13] and reachable decision control [14] were employed. The method in [13] was based on the geometrical intuition that if the flexible needle was rotated toward a state in which it would curve toward the target, the target would be reached finally. While the method in [14] was according to that if the target was kept in the reachable region of the flexible needle in the whole process, the target was also reached precisely finally. Wood et al. [15] proposed a duty-cycled rotation method based on that the effective curvature of the flexible needle was affected by the ratio of the rotation period to the cycle period. Some works [16] [17] [18] were done to perfect the duty-cycled rotation method. Though the mentioned methods dealt with the problem of driving flexible needle in 3D tissue, there were some drawbacks, such as no regard for the unreachability of the target [13] , based on geometrical intuition [14] and a lot of rotation in inserting process [15] .
In the paper, we propose a driving method in 3D tissue without obstacle; the environment is the same as methods mentioned above. Our method is based on precise geometrical proof and generates less rotation control. The method would drive the flexible needle to a target with no deviation if the model deviation and noise were zero. However, due to tissue inhomogeneity and tissue deformation, the model deviation and noise cannot be zero, and the affectivity of our method is analyzed when the model deviation and noise are not zero.
The rest of this paper is organized as follows: Section II presents the flexible needle kinematics model. Then, the driving method is established in section III. The restricted conditions of the driving method is discussed. Section IV demonstrates simulations to verify the performance of methods proposed. The simulation results are presented and analyzed. Finally, we conclude our works in Section V. We adopt the unicycle model presented in [1] that describes the trajectory of a flexible needle inserted into tissue. Under the following assumptions, the flexible needle will follow an arc when driven in tissue. The assumptions are: 1). Tissue is homogeneous and undeformed.
II. KINEMATICS MODEL OF FLEXIBLE NEEDLES
2). The flexible needle is stiffness in axial direction. Thus, the tip orientation follows the needle tail exactly.
3). The needle body follows the tip exactly, and the needle position will not change in radial direction after inserted into tissue.
As shown in Fig. 1 , the curvature of the arc followed by flexible needles is , and the position and attitude of the needle tip determine the arc orientation. At the needle tail, the insertion speed is and the rotational speed is . The tip position and attitude in the world coordinate system is , are the attitude angles. It's obvious that the needle tip will move forward when . Otherwise, the needle tip will turn back and go away from the target, that is unacceptable. Thus, the needle tip velocity in is .
Due to the needle following an arc, the needle tip velocity in its body coordinate system is . Here, and .
The translation of the needle tip in the world coordinate system and the body coordinate system is .
Here, the translation matrix is , is the rotation matrix between and ,
is the coefficient matrix of Euler kinematics equations of rigid body motion.
Then, we get the kinematics model of flexible needles:
. (1) Here, the attitude angles and . As shown in (1), the kinematics model is strongly nonlinear and the model states are coupling with the inputs. The model is also nonholonomic because the needle tip position cannot be integrated from the velocity directly. It is an impossible mission to linearize the model or to transform it to standard state space equations. Therefore, we discretize (1) as following:
.
(
Here, is the time step. To reduce the discretization error, the sampling time should be short enough.
In order to driving the flexible needle, the feedback of the current needle tip's position and attitude is needed. One effective way is embedding a position and attitude sensor into the flexible needle tip. However, it is an impossible method due to the tiny diameter of flexible needles and the strict environmental requirements to make a sensor working properly. There is another way to get the tip information. The indirect way includes two steps: measuring the tip position via CT (computed tomography), US (ultrasound) that are existing in current operating room and estimating the tip attitude via the measured tip position. As mentioned above, the kinematics model is strongly nonlinear and cannot be linearized. The UKF (Unscented Kalman Filter) method designed for nonlinear systems is employed to estimate the tip attitude. The algorithm process of UKF is presented in the following: 1) Algorithm initializing. We set up the standard deviations of process noise and measurement noise, initial value of the tip states and the covariance matrix.
2) Time update. The states are predicted according to the last estimated states and inputs.
3) Measurement update. The predicted states are corrected according to the measurements. Thus, we get the estimated states. Repeat step 2-3 to the end.
III. DRIVING METHOND Due to that, the kinematics model is strongly nonlinear and cannot be linearized, it is hardly possible to design a controller based on existing methods that deal with nonlinear systems. Therefore, we propose a new driving method based on the geometric constraint that the flexible needle would follow an arc when driven in tissue as mentioned in section II. In this section, the control system schematic is introduced firstly. Then, we present the proof of the driving method in detail. The advantages and disadvantages of the method are analyzed in the end. Fig. 2 shows the schematic of the driving control loop. is the target position or the desired needle tip position. is the current needle tip position and is the needle tip attitude. Thus, the needle tip state mentioned in section II is .
is the estimated result of the needle tip attitude.
is the control input generated by the controller which is a realization of the proposed driving method. 
A. Proof of the Driving Method
Our driving method is based on the following theorem that if the target is in the reachable region, a control serial can drive the needle tip to the target precisely. Here, . Let , and
. We prove the theorem and calculate the control serial firstly, and then discuss the reachable region . Driving the flexible needle in 3D tissue directly is a difficult thing. As shown in the kinematics model of the flexible needle in section II, the input only directly affects the attitude angle . Thus, we can split the control process into two steps, rotating the flexible needle to drive the needle tip to an appropriate angle and inserting the flexible needle to move the needle tip towards the target. In order to prove the driving method conveniently, we transform the target position from the world coordinate system to the body coordinate system . From the current attitude angles of the needle tip, we get the rotation matrix from to . The rotation matrix is .
Here, and represent and respectively.
are the attitude angles. Then, we get the transformational matrix which can transform the position of a point from to .
Thus, we get the position representation of the target in the needle tip coordinate system as following. (3) Here, is the target position in the needle tip coordinate system . is the inverse of the transformational matrix. Fig. 3 shows in the needle tip coordinate system. Then, we rotate the flexible needle around the z-axis until and , here . The rotated angle is mentioned above. In the following, we present the calculation method of which is based on geometry analysis.
(4)
After the rotation operation, the target is laid on the YOZ plane where and , as shown in Fig. 4 . As mentioned in section II, the flexible needle will follow an arc driven in tissue. The flexible needle is inserted in tissue at the length . The needle tip reaches point following the arc. Then the rotated angle is and the flexible needle will follow the red line to the target precisely, the inserted length is . The following is the prove process. 
Then, we can get the inserted length:
. (6) Thus, the theorem proposed above is proved completely. Form the equations (3~6), the control serial can be gotten uniquely. In the following section, the reachable region and the value ranges of and are analyzed.
B. Restricted Conditions of the Driving Method
As mentioned in section II, the values of attitude angles and are limited in to keep the flexible needle moving toward the target. However, we don't consider this constraint condition in the proof process. In the following, we will analyze the effect of this constraint condition on the value ranges of the inserted length and firstly. Then, the reachable region of the flexible needle is discussed. As shown in Fig. 4 , analyzing the relation between the inserted length and the needle tip attitude in the needle tip coordinate system is convenient. However, we should consider the current tip attitude if the current tip attitude is not zero. This will increase the analyzing difficulty. To avoid this situation, we analyze the constraint conditions in the initiate start of the inserted process where the needle tip position and attitude angles are zeros.
In the first step of the control serial, the inserted length is . is affected by . From the range of and , we inter that the value ranges of and set in the proof process are accurate. From the above, the value ranges of inserted length and are as following.
The reachable region of the flexible needle in the YOZ plane is analyzed based on the value ranges of the inserted length. We generate the reachable region by traverse the value ranges of the inserted length. The result is shown in Fig. 5 . As the needle can be rotated from to in the first start, the reachable region of the flexible needle in 3D is formed by rotating the reachable region in YOZ plane around the z-axis which is dash-dot line shown in Fig. 5 . The reachable region in the positive YOZ plane is covered by the region in the negative YOZ plane while being rotated. Therefore, we only pay attention to the region in the negative YOZ plane when we analyze the reachable region. The reachable region is decided by the kinematics model parameter . With the value increase of , the reachable region decreases. The reachability of a target should be confirmed ahead of the inserted process. If the target isn't reachable, the driving method proposed in this article is powerless, and we have to choose other driving methods to deal with this situation. As mentioned in research work [19] , the minimum of bevel tip needles is , and the minimum of pre-bent needles is . Even for pre-bent needles, the reachable region which covers from to about is enough large to deal with the most puncture surgeries. 
IV. SIMULATIONS
The proposed driving method is validated by simulations. The kinematics model parameter is set as that is the minimum curvature of pre-bent needles as mentioned above. We check the reachability of targets that are generated randomly via solving equations (5, 6) before the insertion process. If results are negative or plural, the target is unreachable. Otherwise, the target is reachable and the control serial can be generated from the rotated angle , inserted length and . In our simulations, the sampling time is set as . Thus, and . The inserted speeds are set as the same value, namely . Simulations are conducted under above settings. We firstly validated the proposed driving method. Then, the performance of driving method is verified and analyzed when the measurement noise and process noise exist.
To validate the proposed driving method, ten targets are generated randomly shown as green squares in Fig. 6 . The range of targets is between and . According to equations (3~6), the controlled variables, namely rotated angle , inserted length and , are obtained. The inserted trajectories are shown in the figure where the red solid line represents the trajectory corresponding to the inserted length , while the green dash line corresponding to the inserted length . In these simulations, the flexible needle reaches targets precisely due to that we do not take system noise, observation noise and model parameter deviation into account. The simulation results validate that the proposed driving method is effective in an ideal environment. In practical experiments, the flexible needle will be affected by tissue deformation and measuring error which are regarded as system noise and observation noise. Due to the effect of noise, the flexible needle will deviate from the desired position. The position feedback control is employed to correct the deviation. The control system schematic is shown in Fig. 2 in section III. The simulation parameters are set as mentioned above. In one control period, the inserted length is equal to the inserted velocity. According to the, the maximum change of needle position is , the maximum change of needle attitude is radian. Hence, the standard deviation of process noise is set as , about one third of the maximum change value of attitude. The standard deviation of measurement noise is , also about one third of the maximum change value of position. The targets are the same as mentioned above. The results are shown in Fig. 7 . On account of the real-time correction, the inserted trajectories are different from results shown in Fig. 6 . In order to simulate the clinical processed, the needle tip attitude angles are estimated via UKF according to the measured tip position that is affected by the measurement noise. The estimation result of attitude angle is shown in Fig. 8 . Comparing with the actual attitude value, the estimated result is precise enough to support the driving control process. The tip errors are below as shown in Table I . The right figure of Fig. 8 presents the angular speed in the whole inserted processed. The simulation results validate that the proposed driving method is effective in a more complex environment. However, in this article we do not validate the method in clinical trials that will be achieved in the future.
V. CONCLUSION
In this article, we focus on how to drive the flexible needle to a target precisely in 3D tissue without obstacles. A driving method based on geometrical analysis is proposed. The schematic of the close-loop control system is presented in which the needle tip position feedback is employed to correct the needle tip error in real-time. The proposed method needs the needle tip attitude, which cannot be gotten directly via existing equipment. UKF is employed to estimate the needle tip attitude from the information of the needle tip position. The driving method is proved in detail in section III (A). Form the equations (3~6), the control serial to drive the flexible needle to a target can be gotten uniquely. The reachable region and the value ranges of and are analyzed. In the end, simulations are performed to validate the proposed method. The simulation results show that our method can drive the flexible needle to a target precisely. Nevertheless, the proposed method is not validated in clinical trials that will be achieved in the future. 
